Introduction
Methyl bromide is the most abundant organic brominecontaining gas in the atmosphere [Schauf-fier et al., 1993]. Methyl bromide is destroyed by hydroxyl radicals in the troposphere, but some can be transported into the stratosphere where it is photooxidized releasing bromine atoms, which attack ozone catalytically [Wofsy et al., 1975] . Unlike chlorofluorocarbons, methyl bromide has both natural and man-made sources, and it is difficult to assess the fraction of atmospheric methyl bromide produced from man-made sources, and whether it significantly affects the global environment. Recent research is redefining our understanding of the sources and sinks of methyl bromide.
Estimated budgets of atmospheric methyl bromide have been deduced by Yvon-Lewis and and Butler and Rodriquez [1996] who drew upon many recent studies. With an atmospheric methyl bromide burden of about 145 Gg and an atmospheric residence time of 0.7 years, the total of annual sinks must be about 207 Gg, assuming steady state, and total annual sources must equal the sinks. F, mown sources are at most 137 Gg/yr. Estimates of methyl bromide released by combustion of leaded gasoline [Baker et al., 1998 ] are lower than listed by Yvon-Lewis and Butler so that known sources are Gg/yr methyl bromide emitted from the combustion of leaded gasoline from 1991-1992, but also cited another study that showed a range of 0.5-1.5 Gg/yr. Recently, Baker et al. [1998] reported a value of 3 to 4 Gg/yr. Methyl bromide produced from biomass burning is estimated to be 19 Gg/yr [Andreae et al., 1996 ] and 14-24 Gg/yr [Blake et al., 1996 ] based on the ratio of methyl bromide to carbon monoxide in smoke plumes.
Preplant fumigation accounted for 80% of total industrial methyl bromide production in 1992, and usage in preplant fumigation increased from 30.4 to 57.4 Gg/yr from 1984-1992 [WMO, 1995] . The Northern Hemisphere accounts for 95% of the usage for preplant fumigation based on 1990 estimates. In the United States, California and Florida are the primary users, and strawberries, tomatoes, peppers, and flowers are the main crops on which preplant fumigation is used [Watson, 1992] .
There are many advantages in using methyl bromide for field fumigations. Because of methyl bromide's high vapor pressure and low boiling point, transport is rapid, and depth of penetration is extensive. A polyethylene film is typically used to cover the soil just after fumigation for several days to minimize emissions and maximize retention in the soil. A few days after fumigation, farmers prepare the field for planting making the waiting period between fumigation and planting very short. Because it is a broad spectrum fumigant, methyl bromide eliminates the major pests that occur in the soil, and thus a variety of chemicals is not needed. However, methyl bromide is very toxic to humans, and bromide from the decomposition of methyl bromide can be concentrated in plant tissue which is toxic to some types of plants [Brown and Rolston, 1980; Maw and Kempton, 1973 , and references therein].
A mixture of chloropicrin and methyl bromide is often used instead of pure methyl bromide. This mixture has been used in the strawberry industry in California since the 1960s [Mulder, 1979 , and references therein] and it works in a synergistic way. For example, this mixture reduces methyl bromide's dependency on soil conditions and is more effective against verticillium than the use of each compound separately [Mulder, 1979 Yagi et al., 1993 Yagi et al., , 1995 . Accordingly, measurements on emissions were needed to quantify the effectiveness of a ban. The questions to be answered were how much methyl bromide was actually emitted from fumigation practices, and could fumigation practices be refined so as to limit emissions? Therefore emissions from field fumigations under ordinary practices were investigated. We studied six such field fumigations referred to as MeBr I through MeBr VI.
To make reliable estimates on emissions, one must account for the pathways of methyl bromide transport and conversion in the soil. The following mass balance approach was followed: amount applied --amount emitted + amount converted to Br-+ amount in soil gas (1)
The amount applied was measured during each experiment. The amount emitted was determined using chambers placed on top of the polyethylene film and soil surface, the amount converted was determined using soil cores (by difference from cores before and after the fumigation) for bromide analysis up to 110 cm depth, and the amount of methyl bromide in the soil gas was obtained using soil sampler probes to 90 cm depth. Field measurements showed that negligible amounts of methyl bromide gas remained in the soil several days after fumigant application. Also, although soil bromide amounts at each depth can vary with horizontal position in a field [Yates et al., 1996a] , the amount converted to bromide in (1) is determined by measuring at various depths and then integrating vertically to obtain a total column amount. This vertical integral is much more constant with position than are amounts at individual depths; in particular, the standard error of the mean vertical column amount should be approximately the standard deviation at one depth divided by the square root of the number of depths sampled (six to eight depths were sampled in this study). An example is given below in the discussion of experiment MeBr III.
Experimental Methods
Only a brief discussion of experimental methods will be given; the reader is referred to Yagi et al. [1993, 1995] and Williams [1997] for further details of experimental methods. Two types of specially equipped tractors were used to inject the methyl bromide/chloropicrin mixture through shanks that penetrated the soil. In MeBr I a tractor was used with 10 shanks which penetrated to a depth of 25 to 30 cm. For the remaining projects a new tractor-mounted device was used, the Noble Plow, which had only four shanks with a V-shaped extension at the base injecting the mixture at a depth of -35 cm versus the 10 shank method in MeBr I. Deeper injection was expected to minimize rapid emissions due to longer and less direct escape paths to the surface as compared to MeBr I. Also, the Noble Plow with its V-shaped extensions was to allow for greater uniformity of application. Simultaneously, the application device laid a continuous sheet of polyethylene film over the just-fumigated soil. While laying a sheet, a device applied glue to the edge of the previous sheet and pressed the parallel overlapping edge of the next sheet to seal the seam. The transverse edge of the plastic sheet at the end of each tractor Soil-gas concentrations of methyl bromide were taken using soil-sampler tubes reaching 10, 20, 30, 60, and 90 cm. Gastight glass syringes (5 and 10 mL) were used to withdraw samples from the tubes; samples from the syringes were injected immediately into glass serum bottles (117 mL volume) that were prefilled to atmospheric pressure with clean background air. Storage tests on the serum bottles showed a loss of 7% at 14.9 ppm methyl bromide and 4% for 267 ppm methyl bromide over a period of 4 days. The soil-gas samples were transported to UC Irvine and analyzed by flame ionization gas chromatography with direct injection onto a 6-foot long, 1/8 inch OD, 10% OV-10I column (Hewlett-Packard) held at approximately 75øC. Secondary standards were prepared by injection of pure methyl bromide into evacuated stainless steel canisters and diluted with room air. These standard concentrations were determined using the primary (Scott) standard. Standards were injected periodically between sample injections within the concentration range of the samples. of the amount applied. The overall uncertainty in the amount converted to bromide was mainly due to differences in soil bulk density. The chambers with the thickest film beneath them exhibited the smallest fluxes [Yagi et al., 1993] . In MeBr I we used 12 sampling periods: two on the day on which fumigation occurred, one each on days 2 and 3, five on day 5 (beginning immediately after removal of plastic tarp), two on day 6, and one on day 7. In addition to escape flux and soil-bromide amounts, soil gas concentrations were measured from under the film to 90 cm depth. Results for MeBr I were shown by Yagi et al. [1993] . Soil-gas data from MeBr II confirmed the most important conclusion for our purposes, that the soil concentrations of CH3Br were less than 1 ppm after 7 days, representing a negligible fraction of the amount applied. Using mass balance, equation (1), a total of 97 +_ 23% of the methyl bromide applied was accounted for. The soil concentration, bromide, and flux data may differ from field to field because the transport and transformation of methyl bromide in soil depends upon the type of soil conditions and characteristics present at the time of fumigation. Therefore a second fumigation project was planned to better discern the soil conditions which affect emissions.
Experiment MeBr II took place at another location in Irvine (see Table 1 ). The same chamber apparatus was used for this experiment except that five chambers were used instead of four. The emission over the entire sampling period was 36 +_ 6% of the total applied. The increase in Br content of the soil after fumigation was measured to be 16.9 + 2.3 g/m 2 as methyl bromide, or 70 + 9% of that applied. The measured soilbromide increase, 70 _+ 9%, implies that 30 + 9% of the applied CH3Br was emitted, which agrees fairly well with that calculated from the chamber measurements, 36%. Thus a mass balance of 106 _+ 11% was obtained. In MeBr II we used 14 sampling periods distributed over the 8 days following fumigation as follows, listed as samplings per day: 3, 1, 1, 1, 0, 5, 2, 1.
The soils in MeBr II were less dense at all layers, and the surface of the soil had greater moisture content than the previous year, that is, during MeBr I. In MeBr II, soil concentrations were less than those of MeBr I. These data are not shown here; they are available upon request to the authors. The concentrations became more uniform within a day for MeBr II and within about 2 days for MeBr I at all depths. This may be due to the modified injection method (that insures more uniformity), less disturbance of the soil (fewer shanks protruding into the soil and therefore less escape paths to cause more initial variations), and a higher moisture content in the surface layer which may have acted as a seal to slow the diffusion to the surface and possibly increased partitioning into the liquid phase. The reduced emissions in MeBr II in comparison to MeBr I may be partially due to the high-density film used, injection method and greater injection depth, and greater uptake into the soil due to soil properties. Figure 1 . The temporal profile follows a pattern similar to that of the previous projects. Two chambers gave relatively larger fluxes than the other chambers. Upon examination, the plastic film located underneath chamber D was found to be stretched excessively, and the other was found to have a pinsized hole in it (chamber E). Chamber D gave fluxes approximately 3 to 7 times that of the other chambers, and chamber E gave fluxes about 2 to 7 times larger within the first 4 hours after fumigation. After the experiment, a hole was found in the film under chamber E. These problems occurred because the field surface was much more uneven, with deeper rows which made the film tighter across the soil surface in places. It is important for effective fumigation and for experiments like ours that the field be prepared well so as to avoid large, localized stresses on the plastic film that can lead to rips and holes. Integrating over the entire time period of the experiment yielded a cumulative emission of 26 _+ 8% (mean and standard deviation) of the 23.3 g/m 2 applied. Ignoring data from chamber E and using data from only seven chambers yielded an emission estimate of 24 _+ 5%; we believe that this estimate is preferred.
The effect of temperature on the flux was also investigated in this experiment. location (see Williams [1997] for data). No properties consistently single out the differences found between all three sites. For example, in 10, 20, and 30 cm depths, percent nitrogen was lowest, and percent total C at 3 and 90 cm depths was greater for the sampling site relative to the other two sites 30 and 50 feet away. Greater carbon and nitrogen content in the soil yields greater conversion in the soil. These results help support but cannot verify that our sampling site was indeed disturbed due to rapid loss through the hole in the polyethylene film. We consider 74 _+ 8% conversion of CH3Br to be the most reliable estimate because the area sampled was farthest away from where the hole was located. Fortunately, in MeBr III we explored spatial variability of soil bromide amounts. We compared soil bromide amounts by extracting extra soil cores before and after the fumigation. As always, we physically combined soil cores for each depth from three subsites within 4 m of each other and did this at two different sites; initial bromide column amounts differed by only 2.5%, and final column amounts differed by 13%. Amounts at individual depths differed more than did the column-integrated amounts, as has been seen by other investigators [Yates et al., 1996a] . In this way, a mass balance of 98 _+ 9% was then obtained.
MeBr IV-VI
Experiments MeBr IV, MeBr V, and MeBr VI were mounted to obtain data from fields with differing soil characteristics. Because the experiments could be done only with participating farmers in the area, we were limited in the choice of soil characteristics. The results for MeBr IV-VI will be only The calculation of CH3Br converted involved the amount of bromide (tzg/g dry soil), water absorption, and bulk density. Most of the error in percent conversion was due to differences in bulk density. From the average of both sites, 41 _+ 13% methyl bromide was converted. The mass balance then becomes 86 +_ 15%. Significant differences were not found when comparing soil properties at both locations (see Williams [1997] for data). In MeBr V we used 17 sampling periods distributed over the 8 days following fumigation as follows: 5, 2, 2, 1, 1, 0, 5, 1.
In experiment MeBr VI we also used eight chambers but one of them, chamber E, gave unusually high emissions, and a pin-sized hole was found in the polyethylene film underneath this chamber. Accordingly, data from chamber E were removed, and an average emission of 50 _+ 9% for MeBr VI was observed based on seven chambers. The corresponding data for all eight chambers including chamber E were 54 _+ 15%.
Soil bromide analysis showed 47 _+ 9% or 14.6 + 4.2 g/m g of methyl bromide was converted in the soil. A total mass balance of 97 _+ 13% was obtained. In MeBr VI we used 13 sampling periods distributed over the 8 days following fumigation as follows: 5, 2, 2, 1, 1, 0, 1, 1. Table 2 Figure 4d) . However, when pH, percent total carbon, and percent nitrogen were plotted against •g Br-/g dry soil/percent H20 , significant correlations resulted (Figures 5a-5c ). Therefore water alone did not have an effect, but a combination of the properties with water content was important. This illustrates the complexity of the system for methyl bromide degradation; soil properties must be considered as a system rather than individually to understand and manipulate the degree of methyl bromide degradation in soil. Figure 6 shows carbon and nitrogen amounts, bulk densities, moisture levels, and pH values for all six experiments. In MeBr I and IV (the same field), percent total nitrogen was greater in MeBr I for 3, 20, 30, and 90 cm, while pH was practically identical at all depths, except MeBr IV was greater at 3 cm, and moisture content and bulk density were greater in MeBr I than IV at 30 cm which was the approximate injection depth. However, only depths 3 and 30 cm were analyzed for MeBr I for moisture content. Also, daytime temperatures were greater for IV throughout the experiment. However, the film used in MeBr I was of low-density polyethylene, and MeBr IV had high-density polyethylene film. Also, the tractor equipment in MeBr I used an attachment having 10 shanks that penetrated the soil to approximately 25 to 30 cm depth. In MeBr IV the attachment was of a new design, the Noble Plow, to help reduce emissions (see Experimental Methods section). ,,,,I,,,,I,,,,I . The quality of the plastic tarping used to cover the fumigated field was found to exert strong control on gaseous emissions. The fumigated field covered by low-density tarp material (MeBr I) showed the highest methyl bromide losses, and fields with relatively thin high-density polyethylene films (MeBr II-VI) showed higher losses than those with thicker films. See also Yates et al. [1998] . Punctures or tears in tarping material were occasionally found to occur in the field, causing greater losses of gas. In our experiments these punctures and tears occurred where the plastic tarp material was stretched over surface soils that had not been properly leveled and smoothed. Thus, in locations around the world where low-quality plastic films (or •none) are used to cover fumigated fields or where fields are not prepared ideally before they are covered with films, emissions should be higher than we report here.
In these experiments we did not attempt to estimate rates of hydrolysis and decomposition of methyl bromide nor did we quantify amounts adsorbed to soil particles. To obtain mechanistic understanding of methyl bromide degradation and to be able to predict losses from a given field, one must quantify the effectiveness of these processes. Note that Oremland et al. [1994] did not observe methanol production through the hydrolysis of methyl bromide in sediment experiments, implying that hydrolysis was not the important mechanism of degradation in their experiments.
Another loss process which needs quantification is the role of microorganisms in the degradation of methyl bromide 
